ABSTRACT
INTRODUCTION
Examination of the protein fold space reveals that the available protein structures cluster only into certain regions of the entire space (Holm and Sander, 1996) , indicating that several protein families share common structural folds. Some of these are obvious by the sequence similarities among them, but in many of them, sequence similarities can be extremely low, implying that the conservation at the structure level can be much higher and thus more detectable than at the sequence level. The critical role of hydrogen bonding in stabilizing protein structures has been well established (Baker and Hubbard, 1984) . Analysis of the hydrogen-bond networks may provide valuable clues in understanding the critical determinants of any fold. Although there are many public domain packages and WWW servers to evaluate structural similarities and sequence relationships, the concept of comparing interaction patterns has not been explicitly explored, except in studying secondary structures and protein-ligand interactions (for eg. LIGPLOT, Wallace et al. (1995) . Here we report a method to compare hydrogen-bonding patterns in protein structures, where computations such as determination of the role of a particular amino acid in hydrogen bonding and the detection of a hydrogen-bond signature pattern can be carried out. Non-classical hydrogen bonds (Weiss, 2001) can also * To whom correspondence should be addressed. be compared. Ease in carrying out multiple sequence alignments and obtaining consensus sequence patterns or fingerprints for families of proteins accentuates the need to evaluate roles of particular residues in structure stabilization or activity, for which, the programs provided here should be of significant use.
ALGORITHM AND IMPLEMENTATION
The programs are coded in C and PERL-CGI and run on a Linux platform. The server requires two inputs: (a) equivalences in a set of structures detected by DALI (Holm and Sander, 1995 , http://www.ebi.ac.uk/dali) or similar algorithms and (b) lists of hydrogen bonds, computed using WHAT-IF (Hooft et al., 1996) or similar methods. The application calculates conservation of hydrogen bonds in pairs or sets of structures, the consensus hydrogen bonds forming the signature interaction patterns (at 100, 90, 80 and 70% levels, Figure 1a) , by considering either (a) structural superposition only or (b) both structural equivalence and sequence similarity. Structures belonging to the same fold or family are expected to exhibit high similarities in their intra-molecular interaction patterns, which can be quantified using the conservation indices calculated here. The structure-based multiple alignment of the sequences (Figure 1b) , help in correlating sequence conservation with interactions. The output also contains details of hydrogen bonds such as distances, angles, solvent accessible surface areas and secondary structure, the latter useful in differentiating between hydrogen bonds involved in secondary structure formation from other interactions. Finally the application enables viewing the structure with the consensus bonds highlighted through a CHIME/Rasmol interface (Figure 1c) .
EXAMPLE USAGE
An example usage is shown for the bulb lectin family of proteins, with the structure of garlic lectin (1BWU; Chandra et al., 1999) , that adopts a β-prism II fold as the template. A DALI search for similar structures, identified other bulb lectins as very close homologues (Z -scores higher than 15.0 and RMS deviations ∼1.0Å) A C B Fig. 1 . A sample output of (a) consensus hydrogen bonds, (b) the protein sequence highlighting participating residues and (c) the visualization of selected interactions through a CHIME interface.
for which HBPRINT detected a high degree (63%) of hydrogen-bond conservation. Apart from the bulb lectins, more distant, yet recognizable similarities with a galectin fragment and Charcot Leyden crystal protein (Z -scores of 2.7 and 3.0 with RMSDs ∼3.5Å) spanning most of the length of garlic lectin subunit, were also detected. Although, there was no obvious similarity in their sequences or fold classes, 27% of the hydrogen bonds were invariant between the structures. Interestingly, the two families have a common functionality of binding carbohydrates. The significant conservation in substructures therefore urges an investigation into their higher functional and evolutionary relationships. The residue pairs whose interactions are conserved are D7-L57, Q14-M25, L16-F23, H22-Y34, I24-V32, Q26-N30, L31-S43, L33-V40, D35-T38, R54-Y66, V56-V64, Q58-N62, F63-S76, V65-L73, V65-W74 and D67-R71, thus constituting a hydrogen-bond signature pattern for the set of proteins. Despite very low sequence similarity, the fingerprint pattern has six side chain interactions. Substitutions at these locations appear to have co-varied, thus constituting pairs of correlated mutations. The example shown here illustrates the application of the reported method in deciphering complex information such as detection of common interaction patterns in a set/family of structures and delineating signature patterns.
